The presence of the NW-trending faults in the northwestern Junggar Basin (NW China) and their relation to hydrocarbon migration were discussed. The presence of the faults was confirmed by new seismic and stratigraphic studies. They formed a rectangular-shape fault system together with the previously and commonly acknowledged NE-trending faults. Hydrocarbon shows are present widely in the cross of the two types of faults on the basis of field survey. Representative shows were further analyzed by petrography and geochemistry, in order to understand hydrocarbon migration features. It is implied that the two types of faults are both significant for the migration. In particular, the newly identified NW-trending faults can act as the primary and ultimate pathway for migration from the petroleum source to accumulation areas. Thus a new complex fault-controlled hydrocarbon migration model was suggested. Favorable hydrocarbon exploration targets were predicted according to the model, providing new information for shaping exploration and exploitation strategies. The results also have wide implications for the study in elsewhere mountain-front piedmont areas where the hydrocarbon exploration and exploitation is generally related to fault.
INTRODUCTION
The Junggar Basin in the northwestern China, with an annual production of about 15.0 million ton oil & gas (most updating data in 2009), is a prolific petroleum province, and the northwestern basin margin (Fig. 1) contains >40% of the total basin petroleum M a n a s M a n a s L a k e L a k e Identified NE-trending faults and produced oil/gas fields are mainly after Chen et al. (2008) . NW-trending faults are based on previous works by Xinjiang Geological Survey (1964), Chen (1983) , Kang (1997) , Xu et al. (2008a) and Ma et al. (2008) (Fig. 2) . The fault marked with arrow represents the Wuqunan fault ( Fig. 4 ; see section 3.1). The spots marked with arrow represent the sample points for petrographic and geochemical studies (see section 4). There are mainly 11 oil and gas fields. The oil fields from No. 1 to 3, 4 to 6, and 7 to 9, represent Hongshanzui-Karamay, Karamay-Wuerhe, and Wuerhe-Fengcheng area, respectively. The No. 10 and 11 oil fields represent Mahu slope and Xiazijie area, respectively. 1, Chepaizi oil field; 2, Hongshanzui oil field; 3, Xiaoguai oil field; 4, Wuqunan oil-gas fied; 5, Karamay oil field; 6, Baikouquan oil field; 7, Wuerhe oil field; 8, Fengcheng oil field; 9, Fengnan oil field; 10, Mabei oil field; 11, Xiazijie oil field.
Identification of NW-trending faults in the northwestern Junggar Basin (NW China) and its significance of hydrocarbon migration
production and reserve . Oil and gas occur generally along fault belts in the area (Fig. 1) , indicating that hydrocarbon migration has close relation to the faults (Zhang, 2002; He et al., 2004a; Wei et al., 2004; . Thus, to understand occurrence of the faults can greatly assist in petroleum exploration and exploitation. The topic has been studied extensively (Cao et al., 2005; . It is revealed mainly by seismic interpretations that many NE-trending faults are present, which are roughly parallel to the mountain fronts ( Fig. 1) (Zhang, 2002; Ma et al., 2008; Xu et al., 2008b) . In contrast, some NW-trending faults, roughly perpendicular or inclined to the mountain fronts, have also been suggested by a relatively limited number of authors ( Fig. 1) , mainly based on geophysical, satellite-mapping and gravity-magnetic data (Xinjiang Geological Survey, 1964; Chen, 1983; Kang, 1997) (Fig. 2) . However, they are difficult to be identified seismically, mainly due to relatively small fault throws of about several meters. As a consequence, the number of researchers supporting the presence of the NW-trending faults is relatively small because the seimic method is commonly acknowledged as conventional and effective in interpreting fault. This in turn results in the previous suggested hydrocarbon migration model controlled overwhelmingly by the NE-trending faults (Zhang, 2002) . However, more and more NW-trending faults with relatively big throws have been identified these years along with technology development in seismic interpretation (He et al., 2004; Xu et al., 2008b , Ma et al., 2008 . Therefore, whether the faults exist widely is a key to petroleum exploration and exploitation, because the hydrocarbon migration model may be different. Geological Survey (1964), Chen (1983) , Kang (1997) and Ma et al. (2008) .
ENERGY EXPLORATION & EXPLOITATION
Indeed, stratigraphic records is a good method for deciding the presence of fault besides seismic interpretations, as stratigraphic deposition between hanging wall and footwall area of a fault most likely has difference under fault activity (Lin et al., 2003; He et al., 2004b; Wei et al., 2004) . However this has not been well investigated in the study area. This paper represents such a test, with a case study in the most typical area of the occurrence of the NW-trending faults (i.e., the area from Karamay to Wuqunan oil-gas field; No. 4 in Fig. 1) (He et al., 2004b) . The goal is to discuss the presence of the faults and their relation to hydrocarbon migration. This can provide new information for shaping exploration and exploitation strategies, and further has wide implications for the study in elsewhere mountain-front piedmont areas where the hydrocarbon exploration and exploitation is generally related to fault. . Oil and gas fields have been discovered mainly in the fault zone areas (Fig. 1 ) and are all under development at present.
GEOLOGICAL SETTING
The Junggar Basin has undergone the Hercynian, Indosinian, Yanshannian and Himalayan orogenies (Chen et al., 2002) , of which the latest Himalayan orogeny had relatively little impacts along the northwestern basin margin (Zhao, 1993; He et al., 2004b) . Thus, there are mainly three effective tecto-stratigraphic units in the northwestern Junggar Basin (Chen et al., 2002) (Fig. 3 ). Oil and gas pools are generally believed to originate from dark shales of the Lower Permian Fengcheng (P 1 f) and Middle Permian Xiawuerhe (P 2 w) formations (Wang and Kang, 1999; 2001) (Fig. 3) . The Fengcheng Formation source rock was deposited in a hypersaline lagoonal environment, while the Xiawuerhe Formation source sequences reflect a fairly fresh lacustrine environment (Wang and Kang, 1999; 2001) . Oil generation peaked during the Late Triassic and Early Cretaceous for the Fengcheng and Xiawuerhe sources, respectively (Zhang and Wang, 2000; Cao et al., 2005) . Gas generated largely after the Cretaceous for both the two source units (Zhang and Wang, 2000; Cao et al., 2005) . Oil and gas accumulate mainly in alluvial conglomerates and sandstones of Permian, Triassic and Jurassic age, deltaic sandstones of Jurassic and Lower Cretaceous age, and volcanic and volcanoclastic rocks of Carboniferous and Lower Permian age (He et al., 2004a; Zhang and Wang, 2005; Cao et al., 2005) (Fig. 3) .
As to the faults, polycyclic tectonic events have produced faults varying in trends, occurrences and activities (Fig. 1) . The NE-and NW-trending faults are mainly reverse and transverse/cross in nature, respectively (Zhang, 2002 , He et al., 2004b . Rectangular-shape fault bocks are formed (Figs. 1 and 2).
IDENTIFICATION OF NW-TRENDING FAULTS 3.1. Constraints from seismic section
Although most of the NW-trending faults cannot be easily recognized seismically due to small fault throws (Zhang, 2002) , some with relatively big fault throw (generally a Figure 3 . Summary of composite stratigraphic formations in the northwestern Junggar Basin (Zhang and Wang, 2000; Cao et al., 2005) . Arrows indicate primary source sequences, and reservoirs cover from the Carboniferous to Cretaceous (He et al., 2004a; Zhang and Wang, 2005; Cao et al., 2005) .
little greater than 10 m) can be identified. The Wuqunan fault is one representative (Fig. 1) . The fault is located in the transforming zone between the fault belts from the Hongshanzui to Karamay and Karamay to Baikouquan areas (Figs. 1 and 2). It extends ca. 12.5 km in length (Fig. 1) . The fault has a steep dip angle and relatively small throw according to seismic interpretations (Fig. 4) . It cuts through Carboniferous to Cretaceous strata, indicating that it has been subject to the Hercynian, Indosinian and Yanshannian tectonic cycles. Thus, they must have important impacts on possible associated petroleum fluid migration through the tectonic evolution (Zhang, 2002; .
Constraints from stratigraphic record
In the Karamay area, outcropping Jurassic and Cretaceous strata occur widely (Fig. 5) . The depositional evolution can be further divided into four stages temporally, and three segments spatially cut by the Dazhuluogou and Yinggou faults (Fig. 6 ). During the first Jurassic stage, the southern and northern segments uplifted, while the middle segment (i.e., the Karamay area) dropped down ( Fig. 6a and 6b) . As a consequence, the Karamay area had a big Jurassic deposition of about several hundreds of meters. For example, the Jurassic in the Buzhenghegou section is 478 m in thickness, whereas is about only tens of meters in the northern and southern segments (34 m for the Baijiantan section, 0-83 m for the Hongshanliang to Quanshuigou areas, and 115 m for the Yinggou section).
Subsequently, during the early-middle Tugulu period of the Early Cretaceous (K 1 tg, Fig. 3 ), the entire Karamay area deposited stably, evidenced by similar The Baijiantan area The Baijiantan area Figure 5 . Stratigraphic correlation in the Karamay area. depositional thickness between the three segments in general. This implies that there were relatively little heterogeneous tectonic movements.
During the late Tugulu period, the northern segment had little deposition, whereas the southern segment had a deposition of one to two hundreds of meters (e.g., 288 m in the Hongshanliang section), reflecting a heterogeneous deposition under the influence of faults.
Based on the above analyses, it can be deduced that the fault activity is timetransgressive, further resulting in the stratigraphic depositional variation. The Dazhuluogou and Yingge faults activated from the Jurassic to Cretaceous to varying degrees. Fig. 3 ).
NW-TRENDING FAULTS AND HYDROCARBON MIGRATION
Hydrocarbons presented in the NW-trending fault areas were analyzed by petrographic and geochemical methods in order to understand the possible hydrocarbon migration related to the fault. Bitumen can be found widely based on field survey, e.g., the Karamay area (Fig. 1) . Two representative Cretaceous bitumen sandstones from the Karamay and Wuqunan areas were collected for analyses, respectively. In petrography, there are generally two types of bitumen present in sandstone pore spaces (Fig. 7) . One is dark to dark brown in fluorescence, indicative of secondary alteration, e.g., biodegradation and/or water washing (Sun, 1998; Sun and Püttmann, 2000) . The other is blue to blue green in fluorescence, indicative of relative fresh oil with little secondary alteration . Thus, the hydrocarbon charge is multi-stage and complex.
In molecular geochemistry, unresolved complex mixtures (UCM), indicative of secondarily altered (e.g., biodegradation) oil (Sun et al., 2002; Peters et al., 2005) , were observed (Fig. 8) . Furthermore, the reservoir must have received new fresh-oil charges, because a lot of n-alkanes are present in gas chromatograms (Peters et al., 2005; Cao et al., 2005; Qin et al., 2010) . Coexistence of the UCM and n-alkanes is a typical indication of the oil as a mixture of the earlier-charged altered oil with the later charged non-altered oil, because little n-alkanes can be detected due to alteration if there is no later charge of fresh oils (Peters et al., 2005; Cao et al., 2005; . This is consistent with the two fluorescence colors observed under microscope (Fig. 7) .
As to the source of charged oils, both the Lower Permian Fengcheng and Middle Permian Xiawuerhe Formation rocks may have filled the reservoirs, decided by oilsource correlation criteria (Wang and Kang, 1999; 2001) . For example, extremely low abundance of carotane implies the Xiawuerhe derived oil, while the detection of gammacerane and tricyclic terpanes C 20 , C 21 and C 23 following the order of C 20 <C 21 <C 23 are typical of the Fengcheng derived oil. In addition, the relatively low abundance of tricyclic to pentacyclic terpanes indicates that the oils are thermally mature. The mature Fengcheng and Xiawuerhe Formation sourced oils were formed mainly in the Late Triassic and Early Cretaceous respectively, according to thermal evolution studies of hydrocarbon source rock (Wang, 2001; Zhang, 2002; Cao et al., 2005) . Thus, the Cretaceous-accumulated altered oil represents a destroying/adjustment of primary Fengcheng-sourced oil accumulation. With respect to the later-arrived fresh oil, it can be deduced that they are mainly sourced from the Xiawuerhe Formation after the Cretaceous as the oil is middle mature while the Fengcheng Formation sourced oils have been highly mature since the Cretaceous based on petroleum generation history (Wang, 2001; Zhang, 2002; Cao et al., 2005) .
With respect to migration conduits, faults, unconformity and carrier beds have possibilities (He et al., 2004a; Wang and Chen, 2004) . Of the faults, the NW-trending ones, perpendicular to the mountain fronts, can cut into the source sag areas (Figs. 1 and  2) . Thus, they can act as the primary and ultimate pathway for petroleum migration from the source to accumulation areas (i.e., the fault belt area). In contrast, the NE-trending faults, dipping into the mountain fronts, cannot have similar effects. Nevertheless, they are good conduits for hydrocarbon migration when the petroleum arrives at the fault belt area from the source sag .
As to the carrier beds, they are mainly Cretaceous Tugulu Group sandstone and Carboniferous basal volcanic rocks in the mountain fronts . The n-C18 n-C18 n-C29 n-C29 n-C34 n-C34 sandstone overlies widely on the volcanic rocks, forming the unconformity. Thus, the hydrocarbons should occur widely in the entire fault belts if the unconformity and/or carrier beds are the main conduits for hydrocarbon migration. This, however, is inconsistent with the field observation, during which the hydrocarbons occur predominantly in the cross of the NE-and NW-trending faults. Therefore, the faults (especially the NW-trending ones), whereas not the unconformity and/or carried beds, may likely be primary and ultimate good conduits for hydrocarbon migration from the source sag to fault areas. In summary, the hydrocarbon migration must be complex due to complex conduit systems . The multi-stages of hydrocarbon charge may mean different pathway systems during different stages of hydrocarbon stages.
POSSIBLE NEW MODEL FOR HYDROCARBON MIGRATION
It has been widely accepted that the NE-trending faults have important impacts on hydrocarbon migration, with relatively little emphasis on the NW-trending faults in previous studies (Zhang, 2002; He et al., 2004a; Wei et al., 2004; . However, from the above discussion, it is clear that the faults, in particular the NWtrending faults, are the primary and ultimate pathway for hydrocarbon migration from source to accumulation areas. The two source units including the Fengcheng and Xiawuerhe Formation rocks have both charged the reservoirs and the charge is multistage and complex.
The NW-trending faults represent the transforming structural belts and thus are mainly transverse or cross in nature, difficult to be identified seismically when the throw of the basement transforming faults is small (He et al., 2004b; Xu et al., 2008a; Ma et al., 2008) . The faults keep regional strain conservation, and commonly occur along the structural trends (He et al., 2004b) . By the transforming of the faults, the longitudinal NE-trending faults have geometrical changes, such as structural adjustment, shrinkage and deformation. The faults occur generally in the form of strike-slip structures. In comparison with the NE-trending faults, the NW-trending faults activate simultaneously and are perpendicular or inclined to them with big angles. As a result, the NE-trending fault belts are separated into various segments. The structural style, geometrical morphology, fault scale and depositional environment between the segments change accordingly. A rectangular-shape fault block structure is hence suggested (Fig. 1) .
This in turn indicates a new model for hydrocarbon migration (Fig. 9 ). In the model, petroleum migrates from the source sag to fault-belt areas along the NWtrending faults and carrier beds. The faults may have more important impacts as the carried beds are heterogeneous both in distribution and in physical property in nonmarine basins. Then, the NE-trending faults, together with the unconformity and carrier bed, decide the occurrence of petroleum in the fault-belt areas. The critical difference between the new and previous model (Zhang, 2002; He et al., 2004a) is an improved understanding of the impact of the NW-trending faults on hydrocarbon migration. The NW-trending faults are believed to be significant in that they may act as the primary and ultimate pathway for hydrocarbon migration from the source to accumulation areas.
In addition, the NE-trending faults show time-transgressive behavior during geological evolution (Zhang, 2002; Wang and Chen, 2004; Ma et al., 2008) . Thus, they are heterogeneous in the controlling of hydrocarbon migration, from open to migration, changing to becoming open for water but not for oil, or completely sealing (Cao et al., 2010) . Therefore, they are not always good for hydrocarbon migration. In contrast, the NWtrending faults occur and activate stably (Xinjiang Geological Survey, 1964; Chen, 1983; Kang, 1997) , and thus can be good conduit for hydrocarbon migration in different ages.
In summary, the fault-related hydrocarbon migration is controlled not only by the NE-trending faults as generally accepted previously, but also by the NW-trending faults, which may have more important impacts in that they are primary and ultimate migration pathways. As shown in Figure 1 , the two different types of faults cut the basin margin into many sub-fault-blocks, which are favorable for hydrocarbon accumulation (the Karamay, Wuqunnan and Mabei oil and gas fields). Thus, the occurrence of the NW-trending faults, besides the NE-trending faults, is also a key to hydrocarbon migration and possible accumulation. This provides new clues for predicting oil and gas exploration targets. Therefore, new favorable petroleum accumulation areas, which are mainly in the cross of the NE-and NW-trending faults (Fig. 1) , are suggested according to occurrence of the NW-trending faults (Figs. 1 and  2 ). This improved understanding of hydrocarbon migration has implications for regional petroleum exploration and exploitation (Sun et al., 2009) . In addition, the understanding also may have wide significance elsewhere, as the hydrocarbon migration, especially in the mountain-front piedmont areas, is in general related to faults (Wang and Chen, 2004; Jia et al., 2005) .
CONCLUSIONS
(1) The NW-trending faults do exist in the northwestern Junggar Basin besides the NE-trending faults, determined by new seismic and stratigraphic constraints. (2) The NW-trending faults are significant for hydrocarbon migration in that they may act as the primary and ultimate pathway for the migration from the source to accumulation areas. (3) The new determination of the NW-trending faults and their control on hydrocarbon migration provide new clues for predicting oil-gas exploration targets. According to the fault occurrence, favorable petroleum accumulation areas were suggested.
